ABSTRACT -This report presents a detailed description of hepatic architecture in 200 teleost livers by light microscopy and extensively discusses the phylogenetic viewpoint. The 200 teleost livers showed a great variety of histological images, but not the same image, as in mammalian livers. The hepatocyte-sinusoidal structures of the fish livers were classified into three different types: (a) cord-like form, (b) tubular form, (c) solid form. Biliary tract structures were classified into four types: (a) isolated type, (b) biliary-arteriolar tract (BAT) type, (c) biliary-venous tract (BVT) type, and (d) portal tract type. As phylogenic advancement is graded from low to high, the parenchymal arrangement progressed from solid or tubular form to cord-like form, but the biliary tract structures were not involved. We demonstrate that this study is the first to investigate teleost livers phylogenically, and their architectural differences are shown in the route of hepatic ontogenesis. In hepatic ontogenesis, the formation of the parenchymal arrangement is acquired phylogenically, but the biliary pathway may be adapted in the ecological and behavioral patterns.
INTRODUCTION
The liver is the largest internal organ of the body and the largest gland tissue. It is the organ in which nutrients absorbed in the digestive tract are processed and stored for use by other parts of the body. The metabolism has various functions (e.g. protein synthesis, storage metabolites, bile secretion, detoxification and inactivation) that play a central role into maintaining life. The liver receives blood through both the portal vein and hepatic artery. Most of its blood (70-80%) comes from the portal vein that conveys blood containing nutrients absorbed in the intestine. The hepatic artery, a branch of the celiac axis, is oxygenated in the liver (Rappaport, 1963) .
The structural and functional unit of the liver is the acinus, in which are both the hepatic lobule and portal triad (also called Glisson's sheath or portal tracts). The hepatic lobule consists of hepatocytes that are the functional center of the liver, and in which the hepatocyte-sinusoidal structures are formed. The sinusoids are capillary networks, and are localized in the space between hepatic plates in which the hepatocytes are arranged (Rappaport, 1963; Motta, 1984) . In mammals and higher vertebrate animals, hepatic plates line the simple-layered hepatocytes, so-called onecell-thick plates, and pass through from the portal triad to the central vein located in the center of the hepatic lobule (Elias and Bengelsdorf, 1952) . The portal triad is located in the portal spaces between the hepatic lobules, and contains branches of the portal vein, hepatic artery, and bile duct, lymph vessels and nerves. These vessels and ducts are surrounded by connective tissue (Motta, 1984) .
In teleost livers, a large number of morphological studies of the hepatic cells, hepatocytes (Langer, 1979; Nopanitaya et al ., 1979b) , endothelial cells (Ferri and Sesso, 1981; Sato and Yamamoto, 1983) , hepatic stellate cells (Nopanitaya et al ., 1979b; Eastman and De Vries, 1981) , Kupffer cells (Hampton et al ., 1987; Rocha et al ., 1997) and bile ductules cells (Shin, 1978; Tanuma, 1980; Satoh, 1983) , in the hepatic lobule, and the biliary system (Hampton et al ., 1985; and innervation (Esteban et al ., 1998) , have revealed details of their connection (Sakano and Fujita, 1982; Hampton et al ., 1989; Speilberg et al ., 1994) , and established the liver structures and functions (Motta, 1984) . The recent aims have been as follows: (1) ecological and toxicological studies of the liver as a biomarker of environmental pollution (Braunbeck, 1994) , (2) a histochemical study to establish whether the liver has a central role in metabolism (Orbea et al ., 1999; Jung et al ., 2002) , (3) a pathological study of the liver as an important organ for the analysis of fish diseases (e.g., cholestasis and neoplasm) (Couch, 1991; 1993; Okihiro and Hinton, 2000) . From current zoological viewpoints, the themes of biodiversity or evolution have been focused and investigated (Gemballa et al ., 2003) , but there has been little phylogenic research (Satoh, 1983; Cornelius, 1985; Akiyoshi et al ., 2001) in any vertebrates into the evolution of the liver.
Although teleost fish number approximately 25,000 species, the phylogenic grade is clearly categorized (Nakabo, 2000) . Thus, a phylogenic study of fish livers may be valid as an optimal model for liver ontogenesis in vertebrates. To demonstrate the correlation between the liver structures and phylogenic status, we observed 200 teleost livers by light microscope, and subjected the data to phylogenic analyses. We focused on the architecture of the hepatocyte-sinusoidal arrangements and the biliary tract structures.
MATERIALS AND METHODS

Sample collection
For this comparative morphological study, the livers of 200 different teleost species were used (Table 1) . We collected 48 fish species from rivers and two lakes, the Nakaumi and the Shinjiko in Shimane Pref., 98 species from the coast of Shimane Peninsula and the Oki Islands in Shimane Pref., and 54 species from the coast and river mouth of Iriomote Island in Okinawa Pref. In order to eliminate the influence of seasonal changes or growth, all specimens were caught in the adult or semi-adult stage from April to October, and three to five specimens were sampled respectively. All fish were caught with traps and hand nets in each locality from 2000 to 2003. The phylogenic status in Class Osteichthyes, comprising three infradivisions of Teleostei: 6 Elopomorpha, 30 Otocephala, and 164 Euteleostei species, is shown in Table 2 .
Histology and histochemistry for neutral lipids
The livers were perfusion-fixed via the portal vein with 4% paraformaldehyde buffered at pH 7.4 with 0.1 M phosphate for 15 min, cut into small pieces, and immersed in the same solution for 3 days at 4 ° C. The specimens were rinsed, dehydrated and embedded in paraffin. Serial 4 µ m sections were obtained, and some of these were stained with both hematoxylin and eosin.
The histochemical demonstration of neutral lipids in the hepatocytes was performed according to the method of Oil-red-O staining. Briefly, the livers were sectioned into 30 µ m slices with a Dosaka microslicer and rinsed with 0.1 M phosphate buffer (pH 7.4). The sections were washed thoroughly with distilled water and 60% isopropyl alcohol, followed by incubation with a filtered 0.3% working solution of Oil red-O (Wako Pure Chemical, Osaka), and heated to 37 ° C for 12 min. The sections were then stained with hematoxylin.
RESULTS
The results of hematoxylin and eosin staining for hepatocyte-sinusoidal structures and biliary tract structures in the livers of 200 fish are summarized in Table 1 . The 200 teleost livers showed great variety in the microscopic images, but not the same image as is seen in mammalian livers. In almost all fish, the structural units known as hepatic lobules were absent from connective tissue septa. The liver was mainly composed of a continuous compact field of hepatocytes, and scattered with islands of connective tissue enclosing the bile duct and arterial vessels (Fig. 1a) . In a few, the hepatic lobules were demarcated by connective tissue containing bile ducts, portal and arterial vessels similar to portal tracts in mammals (Fig. 1b) .
Parenchymal arrangement (hepatocyte-sinusoidal structures)
Following portal venous perfusion fixation, hepatic sinusoids were cleared of blood cells and the definition of hepatocyte-sinusoidal structures was enhanced. The hepatocytesinusoidal structures of fish livers were classified into three different types: (a) cord-like form, (b) tubular form, and (c) solid form. In the cord-like form (Fig. 2a) , the majority of the hepatocyte lining was simple-layered. The hepatic sinusoids were enlarged with straight capillaries connecting through the perilobular to the centrolobular vessels. The hepatocytes were polyhedral, and had a rounded nucleus. In the tubular Fig. 1 . Low magnification light micrographs of hepatic lobule in livers. a) The liver is mainly composed of a continuous compact field of hepatocytes, and scatter with islands (arrows) of connective tissue enclosing the bile duct and arterial vessels. The hepatic lobule is absent from connective tissue septa. Gymnothorax kidako . b) The portal triad (P) is seen the portal spaces in hepatic lobule, and contains branches of the portal vein, hepatic artery and bile ducts. Oncorhynchus mykiss . C: central vein form (Fig. 2b) , the majority of the hepatocyte lining was double-layered. The sinusoidal capillaries were narrow and irregularly shaped sinusoids appearing throughout the interstice between the hepatic plates. Three to four hepatocytes surrounded a sinusoidal capillary. The hepatocytes were polyhedral or rounded, and had a rounded nucleus. In the solid form ( Fig. 2c-f ), the major part of the hepatocyte lining was multi-layered. The hepatic sinusoids were narrow and short tortuous capillaries. The hepatocytes were rounded, and had a rounded small nucleus. The cytoplasm of the hepatocytes was occasionally filled with fat droplets. In particular, in Gobioidei (Fig. 2d) and Tetraodontiformes (Fig.  2e) , all species had numerous fat droplets in the hepatocytes. These fat droplets were confirmed as neutral lipids by the Oil red-O staining method (Fig. 2f) . In Elopomorpha, the parenchymal arrangement of Anguilliformes was of tubular form. Otocephala, Cluperiformes and Siluriformes also had a tubular form, but some Cypriniformes were of solid form. On the other hand, Euteleostei, Salmoniformes, Beryciformes, and Mugiliomorpha also had a tubular form, but the livers of Scorpaenoidei had both solid and tubular forms. The livers of Perciformes had a cord-like form, except the livers of Gobioidei. Pleuronectiformes had a tubular form. Almost all Gobioidei and Tetraodontiformes fish had a solid form, and the hepatocytes were filled with numerous fat droplets in the cytoplasm. Few nuclei were found among the fat droplets.
Biliary tract structures
Biliary tract structures were classified into four types according to whether the bile duct is accompanied with blood vessels: (a) isolated type, (b) biliary-arteriolar tract (BAT) type, (c) biliary-venous tract (BVT) type, and (d) portal tract type. In the isolated type (Fig. 3a) , a bile duct was located independently in the hepatic lobules and was surrounded by connective tissue as a sheath. Ultimately, almost all intralobular bile ducts were amalgamated to form the bile duct in the portal tract, but some were completely isolated without blood vessels. In the BAT type (Fig. 3b) , bile ducts were accompanied with an arteriole and were observed in the hepatic lobule. These ducts contained no venous profiles, and were observed in the connective tissue sheath surrounding BAT. The BAT type was observed in almost all species, and had two pathways that combined with either the isolated type or the portal-tract type. In the BVT type (Fig. 3c) , a bile duct was accompanied with a portal venule and was located in the hepatic lobule. The BVT type was also surrounded by connective tissue as a sheath, although this type was very rare. In the portal-tract type (Fig.  3d) , the bile duct was accompanied by a portal venule and hepatic arteriole as in mammalian portal tracts. This type was widely observed in many species, and was combined with either the isolated type or BAT type.
In Elopomorpha, the biliary tract structures of Anguilliformes were shown in the portal-tract type, and some combined the isolated or BAT type. Otocephala, Cluperiformes, Cypriniformes and Siluriformes had the isolated type, but many Cypriniformes combined the BAT and/or portal-tract type. In Euteleostei, almost all species also had the isolated type, and most fish, except Gobioidei and Tetraodontiformes, combined the BAT and/or portal-tract type as in Otocephala. On the other hand, in Gobioidei and Tetraodontiformes, the biliary tract structures were of the isolated type and/or BAT type, but portal tracts were not formed.
Interaction with the parenchymal arrangement and phylogeny
The correlation with hepatocyte-sinusoidal structures and phylogenic status is shown in Fig. 4 . It seemed that the development of parenchymal arrangement was parallel to the phylogenic advancement. As phylogenic advancement is graded from low to high, the parenchymal arrangement progressed from the solid or tubular form to the cord-like form. Although Gobioidei, Pleuronectiformes and Tetraodontiformes have the highest phylogenic status among teleost fish, their parenchymal arrangement had solid and tubular forms.
Interaction with biliary tract structures and phylogeny
Throughout the class Osteichthyes, the biliary tract structures of almost all fish were the isolated type combined with either the BAT or portal tract type. The type of biliary tract structure varied, even in species of the same order, and it seemed that the structures were not related to phylogenic development. 
DISCUSSION
This study has shown that the hepatocyte-sinusoidal structures of the liver can be classified into three different types: (a) cord-like form (one-cell-thick plate type), (b) tubular form (two-cell-thick plate type), and (c) solid form (several cell-thick plate type). The classification was based on the investigation of Elias and Bengelsdorf (1952) in several mammals. It is well known that the parenchymal arrangement of normal humans is formed of a one-cell-thick plate, but the livers of lower vertebrates are two-cell-thick plates or several cell-thick plates (Elias and Bengelsdorf, 1952; Rappaport, 1963; Motta, 1984; Cornelius, 1985) . In fish livers, previous studies described that some fish had a similar structure to normal humans, while others were modified in a more primitive form (Nopanitaya et al., 1979b; Speilberg et al., 1994; Akiyoshi et al., 2001) . Olsson (1968) classified the hepatocyte arrangement into three different types: (a) compact type without cavities (advanced), (b) follicle type (intermediate), and (c) duct type (primitive). However, the structure of the primitive form is controversial (Langer, 1979; Hampton et al., 1985; MuCuskey et al., 1986; Biagianti-Risbourg, 1991; Speilberg et al., 1994) , and several reports showed a branched-tubular form in some fish (Hinton et al., 1972; Nopanitaya et al., 1979b; Chapman, 1981; Braunbeck et al., 1987; Speilberg et al., 1994) . Our 200 species study showed that the primitive form was a solid or tubular form, however, it is necessary to clarify the structure of the primitive form phylogenically.
This study is the first to investigate teleost livers phylogenically. We aimed to identify the interrelation of hepatocytes, sinusoids, and the biliary tract, and make a comparison with the phylogenic development. Mishra et al. (1988) revealed that differences in dietary habits had no bearing on the hepatic architecture in teleost livers. As the hepatic architecture is universal, we examined the correlation between hepatic architecture and phylogenic advancement.
The cord-like form was observed in Perciformes belonging to Euteleostei, and the primitive form was recognized in both Elopomorpha and Otocephala. It is well known that the phylogenic status in class Osteichthyes is clearly categorized (Table 2) . Teleostei is classified into three infradivisions: Elopomorpha, Otocephala, and Euteleostei. Euteleostei has the highest phylogenic status among Teleostei, followed by Otocephala and Elopomorpha with the lowest status. This study showed that the parenchymal arrangement developed in parallel with phylogenic advancement. As phylogenic advancement is graded from low to high, the parenchymal arrangement progressed from solid or tubular to cord-like form, and the shape of hepatocytes changed from round to square and polyhedral cells.
In the circulatory system, the liver has an optimal position for gathering, transforming, and accumulating metabolites and eliminating substances. All materials are absorbed via the intestines, and reach the liver through the portal vein, except the complex lipids (chylomicrons), which are transported mainly by lymph vessels. Blood flows from the portal venules at the portal triads through the sinusoid and between the hepatic plates to the central vein (Rappaport, 1963) . The hepatocyte-sinusoidal structure is physiologically important, not only because hepatocytes takes up large molecules from the sinusoid, but also because a large number of macromolecules (e.g., lipoproteins, albumin, fibrinogen) are secreted into the sinusoid. In the cord-like form, hepatocytes are closely contacted with sinusoidal capillaries that form a dense network as in mammalian livers (Elias and Bengelsdorf, 1952; Motta, 1984) . In this study, we revealed that fish livers with a higher phylogenic status had structures identical to the mammalian arrangement, which possessed higher metabolic functions. In contrast, fish livers with a low phylogenic status had sinusoids of a primitive form, which were narrow with an undeveloped network, identical to lower vertebrates. We speculated that these structural changes reflect the route of hepatic ontogenesis, and are essential to the acquisition of higher hepatic function.
Bile is produced by hepatocytes and flows through the intrahepatocytic bile canaliculi, bile ductules in the hepatic lobule, and bile ducts in the portal tracts (Rappaport, 1963) . Investigations into the biliary system of fish have mentioned intrahepatic canaliculo-ductular (C-D) junctions in which the Canal of Hering duct is located in the mammalian liver (Nopanitaya et al., 1979b; Tanuma, 1980; Hampton et al., 1985; . Comparative studies (Satoh, 1983) demonstrated that C-D junctions were classified into three types from fish to mammals. However, there are few reports in the comparative study of biliary tract structures in teleost livers (Sakano and Fujita, 1982; Satoh, 1983) .
In this study, biliary tract structures were classified into four types: (a) isolated type, (b) biliary-arteriolar tract (BAT) type, (c) biliary-venous tract (BVT) type, and (d) portal-tract type. The BAT type was observed in almost all species, forming two passages, which combined with either the isolated type or the portal-tract type. In addition, there was no correlation between the bile duct structures and phylogenic advancement. This suggested that fish livers have developed the biliary system of vertebrates. In the biliary system, toxic substances are neutralized and eliminated in the liver. Elimination occurs in the bile, an exocrine secretion of the liver that is important for lipid digestion (Rappaport. 1963) . We suggested that biliary tract structures were concerned with dietary habits, and adapted the hepatic function, including lipid metabolism.
Pleuronectiformes and Tetraodontiformes have the highest phylogenic status in Euteleostei, but their hepatocyte-sinusoidal structures have solid and tubular forms. In addition, Tetraodontiformes hepatocytes are rounded and store abundant neutral lipids. According to Welsch and Storch (1973) , teleost livers contains two categories of hepatocytes, lipid-rich and glycogen-rich. In some species, lipid-rich cells predominate while in others glycogen-rich cells are more common (Akiyoshi et al., 2001) . The livers of the globefish and goby have lipid-rich hepatocytes, and a well-developed biliary pathway. These findings may be characteristics relevant to special functions such as the accumulation of tetrodoxin in globefish (Narahashi, 2001) . We suggested that the globefish and goby have unique livers, and show three characteristic components: (a) lipid-rich hepatocytes, (b) solid formal hepatocyte-sinusoidal structures, and (c) well-developed biliary system. In addition, the flatfish also have unique livers, and show the tubular formal hepatocyte-sinusoidal structures and a well-developed biliary pathway.
Fish are widely distributed both geographically and ecologically. Their habitats range from deep sea to small mountain streams, and from mud surfaces on land to inside holes under the seabed. Their immense diversity has created various dietary habits. The structural characteristics of their digestive organs (e.g. esophagus, stomach, intestines, livers, and pancreas) develop in order to capture, digest and absorb these requirements from their food.
This study showed that the architecture of the parenchymal arrangement was related to the phylogenic advancement, but the biliary tract structures were not involved. We suggested that biliary tract structures were concerned with dietary habits, and adapted the hepatic function, including lipid metabolism. In hepatic ontogenesis, we demonstrated that the parenchymal arrangement is formed phylogenically, but the biliary pathway may be adapted according to ecological and behavioral patterns.
